The 12,13-epoxytrichothecenes, a group of sesquiterpenoid fungal antibiotics, inhibit protein syn- 
polypeptide chain initiation in euk-aryotes, whereas tricjiodermin inhibits chain elongation and (or) termination.
We have compared the structural formulae of various trichothecenes and suggest that the' presence of substituents on carbon-15 of the common trichothiecene ring may be important in determining the precise modes of action of this group of compounds.
The 12,13-epoxytrichothecenes comprise a group of closelyrelated sesquiterpenoid antibiotics (toxins) produced by various fungal genera, namely Fusarium, Trichodfrma, Myrothecium, and Cephalosponium. These compounds, which have wide-ranging biological activity against eukaryotic cells, are todic to fungi) protozoa, insects, yeasts, plants, and animals and to various mammalian cell lines in' tissue culture (for a comprehensive review, see ref. 1). The verrucarins (see Fig. la ) are among the most potent cytotoxic substances known. The primary anatomical lesions in animals treated with trichothecenes include damage to the prqliferating cells of the intestinal and gastric mucosa, bone marrow, and spleen. Frequently there is a characteristic lag of several hours before the onset of visible sy~mptoms of toxicity. Cells in tissue culture develop abnormal' chromosomes in the presence of trichothecenes; these antibiotics also disrupt the mitotic process.
Trichothecene-producing fungi are responsible for the spoilage of cereal crops and various fruits and they are probably of great importance in mycotoxicosis, since there is circumstantial evidence implicating trichothecenes in the poisoning of animals [e.g., moldy corn toxicosis of cattle, poultry, and pigs; fescue foot jisease of cattle; alimentary toxic aleukia of humans; and stachybotryotoxicosis of humans and cattle (2) ].
In mammalian cells in culture, trichothecenes first inhibit protein synthesis and then DNA synthesis, whereas synthesis of RNA is not severely affected (3) (4) (5) . Similar effects were obserVed in protozoan cultures (6) . The general conclusion from the work reported here, namely that the trichothecenes are inhibitors of eukaryotic protein synthesis, was established directly by Ueno and colleagues (7) (12) at 370 with orbital shaking in glassware treated with Siliclad (ClayAdams, Parsippany, N.J.). For experiments involving the incorl)oratioll of radioactive leucine into nascent proteins, cells were harvested at 10,000 X g for 5 mim in a Sorvall RC-2B centrifuge and resuspended in a similar medium AL (13) lacking amino acids and serum. In such cases, experiments were concluded within 45 min of the change of medium. II1 all experiments, the H-HeLa cells used were growing exponentially at densities of 3.5 to 4 X 101 cells per ml.
Sampling of H-HeLa Cells and Preparation of Lysates. Samples (5 ml or 10 ml, as specified in legends to tables and figures) were pil)etted into an equal volume of frozen, crushed TMNa buffer (10 mi\I Tris, 15 mMA M9gCl2, and 140 mMi NaCl adjusted with HCl to pH 7.6 at 200) which was allowed to thaw slowly at 0°. The cells were collected by centrifugation at 10,000 X g for 5 min at 40 in a Sorvall centrifuge with a SS-34 rotor; pellets were resuspended in 0. Sucrose Density-Gradient Analysis. I--HeLa cell lysates (0.3 ml) were layered onto 5 ml of 15-30% (w/v) sucrose gradients made up in TAINa buffer. Centrifugation was at 40 at 35,000 rpm for 40 min (polyribosome experiments) or 45,000 rpm for 75 mmi (RNase-treated lysates) in the Spinco ultracentrifuge with an SW50.1 rotor. Absorbance by components in the gradients was measured at 254 nm in an Isco model DUA-2 gradient analyzer pumping at 1 ml/min and with a chart speed of 20 mm/min. For gradients containing radioactively labeled nascent proteins, 50 fractions each of 0.1 ml were collected on Whatman 3 MM paper discs after passage through the flow cell. These were washed twice in 5% (w/v) trichloroacetic acid, twice in ethanol: ether (50: 50 v/v) and once in ether. Each wash was for 5 min. After the discs were dried, the radioactivity they retained was estimated by liquid scintillation using a toluene based fluor. To analyze polyribosomes from spheroplasts of Saccharomyces cerevisiae before or after exposure to a specific drug, the method of Cannon et al. (15) [4,5-3H] leucine (58 Ci/mmol). RESULTS Each of the antibiotics used in this study is a potent inhibitor of protein synthesis both in H-HeLa cells and in yeast spheroplasts (Fig. 2) . Also, in agreement with others (3-6, 11) we find that the trichothecenes do not primarily inhibit RNA synthesis.
The effects of various trichothecenes upon polyribosome profiles in intact H-HeLa cells and in yeast spheroplasts are illustrated in Fig. 3a-f . In other experiments (data not given) polyribosome profiles indistinguishable from controls ( plete breakdown of polyribosomes. The exception is trichodermin which did not alter the polyribosome profile. When breakdown occurred, it was essentially complete within 60 sec and was much more rapid than that observed in the presence of actinomycin D (Fig. 3g) . Also, when H-HeLa cells were exposed to T-2 toxin and to actinomycin D simultaneously, polyribosomes were degraded at the rapid rate characteristic of the effects of T-2 toxin alone (Fig. 3h) . In yeast spheroplasts (data not shown), T-2 toxin induced only slow breakdown of polyribosomes (half-life of 10-15 min). This relatively slow effect may result from impermeability of the yeast cell to T-2 toxin; cell-free systems from yeast are extremely sensitive to the toxin (D. Schindler, personal communication). Over 50% of the polyribosomes disappeared after treatment with nivalenol, T-2 toxin, or verrucarin A (Fig. 3a-e) . This point is of considerable significance (see below) as is the fact (data not given) that when trichothecene concentrations were increased there was no qualitative or quantitative change in polyribosome patterns (e.g., from 1 to 100 jig/ml in the case of T-2 toxin added to H-HeLa cells, and from 25 to 100 jig/ml for verrucarin A acting on yeast spheroplasts).
To discriminate between the various possible modes of action of trichothecenes, we studied their effects, in combination with other antibiotics of known action, on polyribosome profiles. As shown in Fig. 4a and b , pretreatment of H-HeLa cells with anisomycin prevented breakdown of polyribosomes when verrucarin A or T-2 toxin was added subsequently. Similarly ( Fig. 4c and d H-HeLa cells in medium AL (13) were incubated at 370 with [3H]leucine to label nascent peptides (as in Fig. 6 ) before protein synthesis was stopped by the addition of anisomycin (250,ug/ml, final concentration), cycloheximide (250,4g/ml), or trichodermin (25 ,g/ml). Two minutes after adding the antibiotic, aliquots (5 ml) were removed and puromycin (50 ,g/ml) was added to the remaining cells. After 1-min incubation, further samples were taken. All samples were lysed, treated with ribonuclease, and analyzed as described for Fig. 6 and in Materials and Methods. The progress of puromycin-induced peptide release was followed by comparing the ratio of total 3H in nascent peptides on ribosomes: total absorbance of ribosomal material in each sucrose gradient. Values of this ratio obtained from control lysates in the presence of a given drug (not treated with puromycin) were normalized to 100%. The amount of ribosomal material present in a given gradient was estimated from the area under the A2M nm peak.
somes in the presence of verrucarin A. Both anisomycin and cycloheximide are known inhibitors of peptide chain elongation (for a review, see ref. 16 ). Similar results were obtained when nivalenol was added after pretreatment with anisomycin (data not shown). In other experiments (Fig. 4e) , trichodermin resembled anisomycin in preventing disaggregation of polyribosomes in the presence of other trichothecenes.
Finally, we examined the effects of puromycin in H-HeLa cells treated with anisomycin, cycloheximide, or trichodermin. In this system, as in many others, puromycin causes extensive degradation of polyribosomes as a consequence of stripping nascent polypeptides from functional ribosomes (see ref. 16 ). Anisomycin, cycloheximide, and trichodermin each prevented both breakdown of polyribosomes (Fig. 5a-c) and release of nascent peptides from ribosomes (Table 1) in the presence of puromycin. In the experiments reported in Table 1 , the ribonuclease treatment degrades polyribosomes to 80S monosomes without displacing the nascent peptides and, by localizing the 80S monosomes in sucrose density gradients, facilitates the estimation of the amount of nascent peptide material present per ribosome (see ref. 14) . A typical sucrose gradient profile of an extract of H-HeLa cells treated in this way is shown in Fig. 6 , and the data reported in Table 1 are derived from a number of such experiments.
DISCUSSION
With the exception of trichodermin, all the trichothecenes studied here resembled fusarenone X (11) in causing the disaggregation of eukaryotic polyribosomes in vivo (Fig. 3a-f) .
The extreme rapidity of this process (essentially complete within 60 sec) compared with the much slower rate of dis- min before samples (.5-ml) were removed and lysed as described in Materials and Methods. Before centrifugation on sucrose density gradients, lysates were treated with pancreatic ribonuclease (10 ,ug/ml) for 5 min at 00. aggregation observed in the presence of actinomycin D (Fig.  3g) convinces us that these effects cannot be attributed to inhibition of mRNA synthesis by trichothecenes. This conclusion is in agreement with our precursor-incorporation data (Fig. 2) and with the previous work of others (3) (4) (5) 11) . Since disaggregation of polyribosomes induced by trichothecenes was inhibited by antibiotics such as cycloheximide or anisomycin, which inhibit the elongation of nascent polypeptides (16), we conclude that this process involved "runoff" of ribosomes from mRNA, i.e., the process involved protein synthesis.
This interpretation apparently conflicts with results presented in a recent paper by Carrasco et al. (17) . Here, the authors claim that the trichothecenes (verrucarin A, trichodermin, and fusarenone X) are potent inhibitors of peptide bond formation, as assayed with human-tonsil ribosomes. Although it is possible in principle to cause partial (up to 50% maximum) degradation of polyribosomes with any inhibitor of polypeptide chain elongation (for a discussion of this point, see refs. 16 and 18) we do not believe that such considerations apply here for three reasons. First, we observed more than 50% breakdown of polyribosomes in the presence of trichothecenes (Fig. 3) . Second, the amount of polyribosome run-off did not decrease as the trichothecene concentration was increased. Third, the rate of breakdown of polyribosomes in the presence of trichothecenes was very much greater than that induced by actinomycin D; in general low concentrations of inhibitors of polypeptide chain elongation cause breakdown to occur at a rate closely resembling that with actinomycin D (E. Cundliffe, unpublished data). Accordingly, we conclude that those trichothecenes which cause breakdown of polyribosomes do so by inhibiting polypeptide chain initiation in a highly specific fashion.
The results of Carrasco et al. (17) were obtained using cellfree systems with isolated ribosome monomers. In the past, similar systems have given ambiguous results as to the exact modes of action of antibiotics in bacteria, e.g., lincomycin and the streptogramins (16) . Our results contrast with those for pactamycin, which preferentially inhibits polypeptide chain initiation only at carefully selected low concentrations but which inhibits chain elongation at higher concentrations (19) .
Trichodermin apparently prevents polypeptide chain elongation and, since this compound inhibits puromycin-induced release of peptidyl tRNA (the puromycin reaction) in vivo, it almost certainly inhibits either the peptidyl transferase reaction or the translocation process (for a discussion, see refs. 14 and 16). Recent evidence favors inhibition of the peptidyl transferase reaction (17) . This difference in mode of action between trichodermin and other trichothecenes studied here is apparent from the data in Fig. 4f which showed that polyribosome breakdown induced by T-2 toxin was inhibited by trichodermin.
After examining the structural formulae of the various toxins studied (Fig. la-c) , we suggest that the nature of substituents on carbon-15 may be particularly significant in determining their precise modes of action. In trichodermin, carbon-15 is part of an unsubstituted methyl group, whereas the other trichothecenes used here have oxygen-containing substituents on carbon-15. We suggest that the 12,13-epoxytrichothecenes probably bind to ribosomes, perhaps covalently via opening of the epoxide ring, and that the presence or absence of substitutents on C-15 (a prominent position of the molecule as judged from space-filling models) determines their precise modes of action. This line of reasoning leads us to predict that compounds such as trichothecin and trichothecolone (see Recently, trichodermin has been shown to effect peptidyl transferase activity and thus inhibit polypeptide chain termination (refs. 8-10, and W. Tate and C. T. Caskey, personal communication). Although our results could support this suggestion (see also ref. 17) , it should be noted that peptidyl transferase activity is an integral part of the termination process and that specific inhibition of the termination event might be a rare phenomenon. However, this could occur if a drug were to interact directly with one or other of the peptide release factors rather than with the ribosome itself. In any event, the 12,13-epoxytrichothecenes are closely related chemically and if they all bind to the same ribosomal site(s) it will be interesting to discover how relatively minor modifications of the trichothecene molecule can perturb ribosomal function in different wavs.
Note added in proof. The importance of substitution on carbon-15 of the epoxytrichothecenes has been confirmed in subsequent studies in which we have shown that diacetoxyscirpenol and HT-2 toxin resemble T-2 toxin in inhibiting polypeptide chain initiation, and trichothecin and trichodermol resemble trichodermin in mode of inhibition of eukaryotic protein synthesis. (Cannon, M., unpublished observations, Schindler, D., Nature, in press). We wish to thank Dr. Calvin McLaughlin for providing us with a preprint of work describing evidence that trichodermin blocks the activity of peptidyl transferase required for normal termination of polypeptide chains in eukaryotic protein synthesis. 
